This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. We present measurements of collisional fluorescence quenching cross sections of NO(A 2 + , v = 0) by NO(X 2 ) and O 2 between 34 and 109 K using a pulsed converging-diverging nozzle gas expansion, extending the temperature range of previous measurements. The thermally averaged fluorescence quenching cross sections for both species show a monotonic increase as temperature decreases in this temperature range, consistent with earlier observations. These new measurements, however, allow discrimination between predictions obtained by extrapolating fits of previous data using different functional forms that show discrepancies exceeding 120% for NO and 160% for O 2 at 34 K. The measured self-quenching cross section is 52.9 Å 2 near 112 K and increases to 64.1 Å 2 at 35 K, whereas the O 2 fluorescence quenching cross section is 42.9 Å 2 at 109 K and increases to 58.3 Å 2 at 34 K. Global fits of the quenching cross section temperature dependence show that, when including our current measurements, the low temperature behavior of the quenching cross sections for NO and O 2 is better described by a parameterization that accounts for the long-range interactions leading to the collisional deactivation via an inverse power law model. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Nitric oxide (NO) is valuable as a non-reactive tracer molecule in gaseous flowfield characterization, either naturally occurring in the case of high-enthalpy flows and combustion, or through seeding. NO laser induced fluorescence (LIF) employing the ultraviolet gamma bands (A 2 + -X 2 ) near 226 nm is a well-established technique for measuring velocity, temperature, and mixing ratios. However, the quantitative interpretation of NO LIF signals obtained by non-ratiometric techniques, and the viability of NO fluorescence-based measurements, in general, requires prior knowledge of fluorescence quantum yields under specific experimental conditions and, therefore, the rates of electronic self-quenching and quenching by other molecules. The experimental information available in the literature regarding quenching of NO(A 2 + ) fluorescence is limited to temperatures above 125 K and suggests an inverse temperature dependence of the quenching cross sections for a variety of small molecules such as NO, O 2 , or CO at low temperatures. 1 Quenching cross section values at temperatures below 125 K are limited to the extrapolations based on fits to higher temperature data parameterized using different quenching models which result in different functional forms. Extended measurements are critical given that previous extrapolations predicted dramatically different quenching cross sections at temperatures below 125 K, with differences exceeding 120% for NO and 160% for O 2 at 34 K. 1 The use of seeded NO LIF to study cold hypersonic flows, usually with temperatures well-below 100 K, requires a) Electronic mail: swnorth@tamu.edu. a more accurate knowledge of the quenching cross sections to perform flowfield characterization under these conditions. This work presents the first measurements of fluorescence quenching from NO(A 2 + ) by NO(X 2 ) and O 2 (X 3 g − ) at temperatures below 125 K. These measurements were performed in a compact pulsed hypersonic flow facility that generates repeatable, uniform, collimated flows from Mach 2.91 to Mach 6.20. The flows were achieved by controlled gas expansion via converging-diverging, or de Laval, nozzles that exit with homogeneous velocity, temperature, and pressure up to several nozzle exit diameters downstream from the nozzle exit. The facility is ideal for studying low-temperature kinetics or energy-transfer processes in gaseous samples that would otherwise suffer from condensation, temperature inhomogeneity, and other effects due to the presence of walls. This approach has been previously used to study chemical kinetics at low temperatures using both continuous flow designs 2, 3 and pulsed flow variants, 4 the latter resulting in decreased requirements for pumping capacity and gas usage. The pulsed operation of the instrument can also be synchronized with pulsed lasers and detection systems and ensures a fresh sample for every flow pulse.
II. EXPERIMENTS
The determination of temperature-dependent thermally averaged collisional quenching cross sections of fluorescence from NO(A 2 + ) by NO and O 2 was accomplished by measuring fluorescence decay rates of varying molar fractions of each quencher molecule at constant temperature and total pressure after a nanosecond pulse excitation. Four temperature conditions in the range from 34 to 109 K were tested. All measurements were performed in a compact pulsed hypersonic flow test facility, previously described in detail elsewhere, 5 that can be fitted with exchangeable convergingdiverging nozzles of varying Mach number capable of generating flows at different temperatures. The instrument's main chamber had a total volume of 40 dm 3 and was evacuated using a Leybold D65B backing pump and a Ruvac WS1001US Roots blower assembly. The chamber was equipped with UVgrade fused silica windows that provide optical access for diverse laser excitation and fluorescence collection configurations. Pulsed flow operation was achieved by radially supplying gas to a settling chamber volume using three pulse valves (Parker Pulse Valve Series 9) controlled by a custom-made four-channel valve driver circuit designed to produce externally triggered flow pulses of variable duration between 2 and 20 ms. Four axisymmetric converging-diverging nozzles made of aluminum, with Mach numbers of M = 2.91 ± 0.01, 3.82 ± 0.01, 4.87 ± 0.01, and 6.20 ± 0.02 were used to generate flows at temperatures of 109.1 ± 0.7, 75.0 ± 0.4, 51.2 ± 0.3, and 33.8 ± 0.3 K, respectively, given a constant settling chamber temperature of 294 ± 1 K. These calibration Mach numbers and nozzle exit temperatures were obtained using N 2 , but values in the presence of NO are slightly different and are discussed below. The nozzles were designed using the method of characteristics accounting for boundary-layer displacement effects. 6 The flow pulse temporal characterization for each nozzle was performed using two calibrated fastresponse pressure sensors, one located in the settling chamber region upstream of the nozzle throat (Endevco 8540-100 absolute piezoresistive sensor) and the other flush-mounted into the tip of a Pitot tube (Kulite XCEL-100-5A) that was positioned at the center of the nozzle exit. The transducers, statically calibrated before nozzle characterization, were supplied with a 10 V DC excitation voltage and their signals amplified to a 10 V full-scale signal by a signal conditioner unit (Endevco model 136). The outputs from the signal conditioner were sampled at 35 kHz using a 16-bit data acquisition board (National Instruments PCI-6221). The typical flow pulse duration was set to ∼10 ms. The pressure at the nozzle exit varies by less than 1% during the uniform flow intervals, corresponding to temporal fluctuations in temperature within 1%. 5, 7, 8 The spatial uniformity of the flows generated by the nozzles was characterized by vertically translating the Pitot tube across the nozzle exit. Additional spatial characterization of these flows has been performed previously using NO planar laser induced fluorescence (PLIF) measurements. 5, 7 The resulting nozzle exit pressure surveys revealed uniform core flow conditions at the nozzle exit for at least 50% of the exit diameter for all nozzles, corresponding to uniform axisymmetric flows with diameters exceeding 1.27 cm.
The gas flow undergoes a gradual and adiabatic expansion along the nozzle centerline, and thus the exit flow properties such as pressure, density, and temperature can be described by isentropic flow relations. 6 Consequently, following characterization of the nozzles, the flow pressure and temperature conditions at the nozzle exit are only determined by the input conditions upstream of the nozzle throat and by the Mach number, as indicated in Eqs. (1) and (2):
where M is the exit Mach number, p and T are the gas pressure and temperature at the nozzle exit, γ is the heat capacity ratio c p /c v , and the subscript t indicates conditions in the settling region. During nozzle operation, the settling chamber temperature was monitored by a type K thermocouple and the pressure was recorded for each flow pulse by the fast-response pressure sensor. The exit flow pressure and temperature conditions were determined based on the pressure and temperature conditions measured in the settling chamber region. Varying composition gas mixtures were prepared inline using ultra-high purity N 2 , O 2 , and a certified mixture of 50.04% NO in ultra-high purity N 2 (Praxair). These gases were additionally purified by oxygen/moisture traps for the cases of N 2 and NO/N 2 mixture, and by a moisture/hydrocarbon removing trap in the case of O 2 . The gases flowed through calibrated mass flow controllers (MKS MassFlo 1179A) into an inline mixing tank with a volume of 3.79 dm 3 located upstream from the pulse valves. In order to achieve a specific gas composition, the relative flow rates were kept constant during each run and were configured in a four-channel power supply/readout (MKS 247) operated in constant-flow-ratio mode. The total flow rate was remotely controlled by a custom automatic pressure controller to sustain constant pressure in the mixing tank that fed the pulse valves so that stable and repeatable nozzle flow operation could be maintained during the experiments. The pressure controller consisted of a pressure transducer (Baratron MKS Type 740 B) located downstream from the mixing tank and a software-based automated loop that generated a pressuredependent DC output that was sent to the mass flow controller power supply to continuously adjust the total flow.
The laser system consisted of a Spectra Physics LAB-150-10 Nd:YAG laser operated at 10 Hz using the third harmonic at 355 nm to pump a Sirah Cobra CBR-G-18 pulsed dye laser that used a solution of coumarin 450 in methanol to produce tunable output near 226 nm by frequency doubling, with a maximum exit power of 2 mJ/pulse, a pulse duration of 10 ns, and a typical linewidth of 0.08 cm −1 . For all quenching experiments, the dye laser was tuned to excite the R 1 + Q 21 bandhead of the A 2 + (v = 0) ← X 2 1/2 (v = 0) band. Fluorescence resulting from excitation in the linear regime was assured by limiting the laser power at the probe location to a maximum of 2 × 10 5 W. The laser beam, as shown in Fig. 1 , was aligned along the nozzle axis via optical access provided by 2.54 cm diameter fused silica windows mounted on both ends of the chamber. The beam diameter, limited to 2 mm by an adjustable aperture, was significantly smaller than the flow core and ensured that laser excitation only occurred along the flow axis. In the self-quenching experiments, strong excitation by the laser would deplete the initial NO(X 2 , v = 0) population that mostly resides in low rotational states in the cold flow since the laser is tuned to excite the bandhead. Excellent linearity of the observed decay rates as function of NO molar fraction ( Fig. 3 ) confirms weak excitation, which occurs in the linear regime. Broadband fluorescence was collected at 90
• degrees with respect to the laser propagation direction from a region of about 3 × 3 mm at the center of the nozzle exit focused by a UKA 105 mm F/4.0 UV lens onto a micro-channel plate photomultiplier tube (MCP-PMT) (Hamamatsu R5916U-50) biased with −2.7 to −2.4 kV. The lens transmission is constant at ∼85% in a wavelength range from 200 to 1100 nm and the MCP-PMT spectral response covers a wavelength range from 160 to 850 nm, both being sufficient to collect the entire A 2
No optical filters were employed. The resulting signals were measured and digitized using a 12-bit Lecroy (HRO 66Zi) oscilloscope at a sampling rate of 2 GS/s, and collected and averaged in a computer. Under maximum optical thickness conditions in the self-quenching experiments, we have estimated an attenuation of the excitation laser of ∼30%. However, the attenuation levels are lower for most of the runs. An estimate of the effects of radiative trapping on fluorescence collection, also important in the self-quenching experiments, resulted in attenuation of the total fluorescence of less than 3%.
For each quenching molecule the fluorescence decays were measured for six mole fraction settings at each temperature condition. The molar fractions ranged from 0.024 to 0.50 for NO and from 0.024 to 0.49 for O 2 , and depending on the employed nozzle, the flow exit pressure ranged from 0.26 to 1.18 Torr. For a given nozzle, a complete run consisted of a pump-down event of the region downstream from the mass flow controllers, including the mixing tank and the gas lines feeding the pulse valves. The pulsed flow operation was started by activating the pulse valve driver once the target pressure in the mixing tank was reached. Fluorescence decay traces were collected for 500 flow pulses. Verification of thermally perfect gas behavior under our experimental conditions, even up to 50% NO, was performed by calculating compressibility factors. The factors were within 0.1% of unity for all nozzles employed. The Redlich-Kwong 9 equation of 10 This effect was taken into account for the self-quenching experiments due to the high NO fractions employed. Calculation of the heat capacity at constant volume, C v , at the nozzle exit temperatures for all gas compositions resulted in heat capacity ratio values, γ , of less than 1.4. According to the isentropic flow equation:
where A is the nozzle exit area and A * is the nozzle throat area, A/A * represents an effective nozzle area ratio that takes into account boundary layer effects. Using the nozzle calibration Mach numbers obtained with N 2 at γ = 1.4, effective nozzle area ratios were calculated for all gas compositions at each γ value. Using these new A/A * estimated values, a corrected Mach number for each gas composition used in the self-quenching experiments was obtained. These corrected Mach numbers were used to obtain exit pressure and temperature using Eqs. (1) and (2) in the self-quenching experiments. The assumption in these calculations is that the effective area ratio A/A * does not change at the different gas compositions employed. Experimental Pitot pressure surveys along the nozzle exits using 50% NO flows confirmed identical core flow diameters to those previously obtained with N 2 , confirming the constant A/A * ratio assumption. The corrected Mach number and temperature ranges for the employed NO fractions are summarized in Table I .
After installation of each nozzle and before every data collection event, both settling chamber region and Pitot pressures were simultaneously monitored in real-time using N 2 to confirm well-established pulsed flow consistent with the nozzle Mach number, within 1% of the calibration values. Adiabatic expansion in a Laval nozzle is well established and the settling chamber conditions set the nozzle exit conditions to values consistent within the nozzle calibration Mach number uncertainties. In addition, LIF excitation scans were performed using a custom LabVIEW program that scanned the dye laser wavelength in a region from 226.18 to 226.38 nm, near the R 1 + Q 21 bandhead of the A 2 + (v = 0) ← X by triggering the laser to probe during the stable portion of each flow pulse and the integrated relative peak intensities were used to provide further confirmation of fluorescence being collected from the cold core flow at the expected temperature consistent with the nozzle Mach number. For comparison, triggering the probe laser after the flow pulse resulted in integrated relative absorption intensities consistent with gas mixtures at room temperature (294 K). The experimental LIF scans were compared against the LIFBASE spectral simulation program. 11 Although these scans were used as supporting evidence of fluorescence being collected from the core flow and were consistent with expected temperatures, they were not used for temperature determination since the use of Eq. (2) provided a more accurate estimation of the flow temperature.
The pulsed flow, the laser system trigger, and the MCP-PMT gate timing were controlled using a Berkeley Nucleonics Corporation 575-8C digital delay/pulse generator with an RMS jitter of 50 ps. The Mach 2.91, 3.82, and 4.87 nozzles were operated at 1 Hz, whereas the Mach 6.20 nozzle was operated at 0.5 Hz due to higher mass flow and pumping capacity requirements.
III. DATA ANALYSIS AND RESULTS
Each dataset, consisting of averaged fluorescence decay traces for six different quencher molecule mole fractions, was used to obtain a temperature-dependent collisional quenching cross section value. As previously mentioned, the laser was tuned to excite the R 1 + Q 21 bandhead of the A 2 + (v = 0) ← X 2 1/2 (v = 0) band, which includes rotational levels with J = 1.5, 2.5, and 3.5. Rotational-level independence of the collisional quenching rates in the A 2 + (v = 0) state of NO has previously been established for a variety of quenching partners that include the three species involved in the current experiments: NO(X 2 ), O 2 , and N 2 . [12] [13] [14] [15] Due to the low temperatures associated with the current measurements, and therefore a relatively high proportion of the population residing in low rotational states, this excitation scheme was chosen to maximize signal levels.
The observed fluorescence decay rates resulted from a convolution of the fluorescence signal decay and an instrumental response function (IRF) that included the excitation laser pulse profile and electronic effects due to the MCP-PMT and associated detection electronics. The MCP-PMT collection, gated for 3 μs, was triggered 20 ns after the laser excitation pulse to avoid detection of elastic scattering and no appreciable electronic ringing effects in the signal were observed. Following laser excitation, the observed fluorescence decays resulted from the contribution of spontaneous emission [Eq. (4)] and quenching [Eq. (5)]:
where k f is the intrinsic fluorescence rate for NO(A 2 + , v = 0), with a value of 5.19 × 10 6 s −1 , 16 and k q (T) represents the temperature-dependent total quenching rate constant for a particular gas mixture. Each averaged fluorescence decay trace was corrected for background and was fitted down to 2.5 × 10 −3 of the maximum signal amplitude using the integrated rate law:
where I(t) is the measured fluorescence signal, [M] is the total number density in units of cm −3 , k f is a rate with units of s −1 , and k q is a rate constant with units of cm 3 s −1 . The normalized, raw, average fluorescence decay traces corresponding to the self-quenching dataset obtained between 109.5 and 116.1 K are shown in Fig. 2 , as well as their best fits using Eq. (6) to find k tot (T) = k f + k q (T) [M] .
The observed fluorescence decay rates include contributions from the intrinsic fluorescence rate, k f , and the total quenching rate k q (T) [M] . The term k q (T) [M] can be written in terms of the quenching contributions by the different species:
where k q,i (T) and X i are the temperature-dependent quenching rate coefficient and the molar fraction, respectively, for species i. In the case of the self-quenching experiments, under the experimental conditions, the small contribution to quenching by N 2 is nearly identical for all temperatures given the temperature-insensitive N 2 quenching cross section, which is about 5000 times smaller than the self-quenching value for all known temperatures below 294 K. 1, 14, 17 Given the N 2 :NO molar fraction ratios of 1-50 employed for the self-quenching experiments, k NO [NO]/k N2 [N 2 ] 1 for all cases, and thus the contribution to quenching by N 2 can be neglected. The total decay rate, k tot = k f + k q (T) [M] , can then be written as follows for the self-quenching experiments:
where X NO [M] corresponds to the NO number density in cm −3 . The measured decay rates, k tot , were plotted as a function of NO number density and fitted using Eq. (8) to find the self-quenching rate constant, k NO (T), at each temperature, as shown in Fig. 3. FIG. 3 . Plot of the observed decay rates as a function of NO molar fraction used to determine the self-quenching rate constant between 109.5 and 116.1 K.
The determination of the quenching rate constants for O 2 was performed similarly, with each dataset consisting of the measurement of average fluorescence decay rates at six different O 2 molar fractions and constant total pressure, using ∼1% NO:
As with the self-quenching experiments, the contribution from N 2 quenching was negligible. The contribution from NO(X 2 ) quenching, k NO (T)X NO [M] , was corrected for using the rate constants determined in the self-quenching experiments described above. The observed decay rates at each temperature were fitted using Eq. (9) after this correction for each series of O 2 concentrations and yielded the temperaturedependent quenching rate constant k O2 (T). All fits of the selfquenching and O 2 quenching datasets using Eqs. (8) and (9) showed excellent linearity, with R 2 values exceeding 0.99. The excellent linearity observed in these plots confirms the absence of saturation effects or dimer formation due to lowtemperatures and, in the case of self-quenching, it also emphasizes the minimal effect of NO on the nozzle calibration temperature values obtained using N 2 .The zero-pressure intercepts of the fits of the observed fluorescence decay rates in both the self-quenching and the O 2 quenching experiments at the four tested temperatures yielded an average intrinsic fluorescence rate k f of 5.10 (±0.12) × 10 6 s −1 , within 1.7% from the best available experimental value obtained by Settersten et al., 16 which is based on more numerous measurements. Although the direct output of these measurements were quenching rate constants over thermal velocity distributions, the quenching cross sections are a more phenomenologically revealing parameter since they remove the dependence of the experimental observations on collisional frequency. Therefore, the determined quenching rate constants, k q,i (T), for both NO and O 2 were converted to thermally averaged quenching cross sections σ q,i (T) using:
where μ NO,i is the NO/quencher reduced mass and k B is the Boltzmann's constant. observed in Table II , the fluorescence quenching rate constants by NO and O 2 show a slight increase with temperature. The quenching cross sections, however, display a clear increase with decreasing temperature. Figure 4 shows the cross section values plotted along with extrapolations of previous parameterizations 1 determined using experimental data obtained at temperatures between 125 and 4515 K for quenching by NO and between 125 and 2391 K for quenching by O 2 .
1, 18-20 As the temperature decreases, the fluorescence quenching cross sections measured in this work for both NO and O 2 exhibited an increase with respect to the values previously reported at 125 K. The self-quenching cross section increases from 52.9 Å 2 near 112 K to 64.1 Å 2 at 35 K, whereas the quenching cross section for O 2 increases from 42.9 Å 2 to 58.3 Å 2 in the same temperature range, representing increases of 21% and 36%, respectively. The error bars (2σ ) are primarily a result of uncertainties in the estimation of quencher number density derived from errors in the determination of pressure in the probe region. The error bars in the case of fluorescence quenching by O 2 also include the uncertainties of the self-quenching cross sections measured in the first set of experiments, although their effect was minor due to the small employed NO concentrations relative to those of O 2 in most of the runs. All error bars, however, are within 5% for most of the measurements with the exception of the self-quenching cross section between 75.4 and 83.2 K where possible instabilities in the nozzle operation were suspected to be the cause of the larger error bars of about 10%. 
IV. DISCUSSION
Previous measurements of the low-temperature fluorescence quenching of NO(A 2 + ) by NO and O 2 are limited to the studies of Zhang and Crosley 21 in the temperature range from 215 to 300 K, and by Settersten et al. 1 at temperatures between 125 and 294 K. Both studies reported a clear trend of increasing quenching cross sections with decreasing temperature below 300 K. An inverse temperature dependence of the NO(A 2 + ) quenching cross sections at low temperatures has also been observed for several other collision partners, including C 2 H 2 , H 2 O, NH 3 , NO 2 , and CO 2 . 18, 19, 21 At high temperature, however, the fluorescence quenching cross sections for many species, including NO and O 2 , exhibit a slight increase with temperature, indicating that a single model is insufficient to explain the experimental observations. Attempts to model the global temperature behavior of the NO(A 2 + ) quenching cross sections have involved the two following fitting functions based on distinct physical models:
The first term on the right-hand side of these two functional forms describes the low-temperature increase of the quenching cross sections (vide infra) and the second term on the right-hand side accounts for the slight increase of quenching cross sections at high temperatures. Although the previously observed increase in quenching cross sections by NO(X 2 ) and O 2 at high temperatures is moderate and consistent with a harpoon mechanism, 22, 23 in principle the second term in Eqs. (11) and (12) can describe any activated quenching process. The increase of the quenching cross sections at low temperatures, however, suggests a mechanism dominated by attractive forces between NO(A 2 + ) and the quenching partner. The different models reflected in the first term on the righthand side of Eqs. (11) and (12) have been previously employed to describe the low-temperature behavior of fluorescence quenching cross sections, although much of the original literature focused on describing correlations between different molecular colliders. One model, based on complex formation with an associated temperature-dependent quenching probability, was proposed by Parmenter and co-workers. 24 This exponential law model can be derived in the context of collision complex formation using equilibrium arguments, though the same relationship can be derived by using a radial distribution function that accounts for the intermolecular interaction potential. The resulting exponential functional form can be used to correlate the quenching cross section with the depth of the intermolecular potential well between the activated molecule and the collision partner. This model was employed to establish a general correlation between the quenching cross section and the intermolecular potential well depth for a series of species near room temperature. The model was used to parameterize the increase in collisional quenching cross sections with decreasing temperatures, as reflected in Eq. (11), 1, 18 where c 2 = ε/k B , with ε representing the intermolecular well depth. An alternative model, suggested FIG. 5 . Global fits to the temperature-dependent quenching cross sections, which include the current low-temperature measurements, for NO(X 2 ) (left panel) and O 2 (right panel) using Eqs. (11) and (12) .
by Holtermann et al., 25 focuses on the long-range interactions leading to the formation of the collision complex. This "capture" model is derived by considering the effective radial potential resulting from attractive intermolecular multipole interactions and the repulsive centrifugal term. The formation of a collision pair, which leads to quenching, occurs when the collision energy overcomes the centrifugal barrier on the effective potential. The specific inverse temperature dependence of the fluorescence quenching cross section results from the r-dependence of the intermolecular potential, offering a consistent picture of long-range interactions increasingly assisting in the quenching process by becoming particularly efficient at reduced collision velocities. This second model is reflected in the first term on the right hand side of Eq. (12) , where the term c 2 represents the temperature exponent resulting from a particular r-dependence of the interaction potential. When induced dipole-dipole or dispersion forces dominate the intermolecular interaction, the expected quenching cross section dependence on temperature is T −1/3 , which is the case for NO(X 2 ) and O 2 . 25 Based on available experimental data from 125 to 4515 K, 1, 19, 20 Settersten et al. 1 performed optimizations of Eqs. (11) and (12), resulting in virtually indistinguishable quenching cross section predictions by both NO and O 2 at temperatures above 150 K. However, the extrapolations of these models below 125 K resulted in dramatically different predictions, as seen in Fig. 4 . An initial comparison of our measurements with the two extrapolations shows that the quenching cross sections exhibit a modest increase with decreasing temperature. We find that all collisional self-quenching cross section values measured in this work between 34 and 116 K, within the error bars, are consistent with the predictions using the power-law model (Fig. 4) .
Using the new low-temperature data, we have reoptimized the same parameterizations shown in Eqs. (11) and (12) that describe the temperature dependence of the quenching cross sections for both species and find that better fits result when using a power-law expression [Eq. (12) ]. In the fits, we included previous data up to 4515 K for NO and up to 2391 K for O 2 , 1, 18, 19, 23 and the results are shown in Fig. 5 . The best-fit parameters obtained by optimization using the extended dataset are listed in Table III for both NO and 21 The overall fit in the self-quenching case was better determined by fixing c 3 and c 4 to the values previously used in Ref. 1, which did not affect the optimization of the low-temperature data fit.
When enough data are considered in an extended lowtemperature range, the parameterization of the temperature dependence of the quenching cross sections via a collision complex well-depth model does not adequately capture the behavior of the quenching cross sections. We note that the better fit achieved by Eq. (12) is also consistent with the best fits previously achieved for quenching by H 2 O and C 2 H 2 , for which there was significant experimental data to observe the cross section increase with decreasing temperature. For those molecules, a power-law expression provided a better fit to the data. The value for the c 2 parameter obtained by a global fit of the self-quenching cross section data using Eq. (12) resulted in 0.22, identical to that obtained in Ref. 1 using data between 125 and 4515 K, and 34% smaller than the value of 1/3 expected for an induced dipole-dipole intermolecular interaction. In the case of O 2 quenching, the best fit results in a value of 0.36 for c 2 , which is closer to the value of 1/3 expected for interactions dominated by London dispersion forces 25 than the value of 0.29 obtained previously. 
V. CONCLUSIONS
We have measured temperature-dependent thermally averaged collisional quenching cross sections from NO(A 2 + , v = 0) by NO and O 2 between 34 and 109 K, extending the range of previously available data to temperatures relevant to applications involving hypersonic cold flows, which typically involve temperatures well below 100 K. The current measurements were accomplished by using a compact hypersonic flow apparatus that produces low-temperature flow pulses with high repeatability by employing exchangeable converging-diverging nozzles. This approach avoids the limitations of low-temperature static cells such as condensation on the walls and temperature gradients.
An inverse power law model that takes into account long-range multipole interactions between NO(A 2 + , v = 0) and the collision partner provides a better description of the temperature dependence of the cross sections at low temperatures for NO and O 2 than an exponential model. This is consistent with previous observations of quenching by species such as H 2 O and C 2 H 2 for which there were more available data showing the increase of fluorescence quenching cross sections with decreasing temperatures. Although previous studies reported nearly indistinguishable fits when compared to an exponential well-depth model, a significantly better fit can be obtained by a power-law expression when taking into account the extended low-temperature measurements.
The global fits only represent a general description of the quenching cross section behavior as a function of temperature, but suggest that a model intended to provide a detailed phenomenological description of the quenching process at small collision velocities should account in some form for the long-range interactions leading to a complex formation that ultimately results in collisional deactivation.
